Learning of a particularly difficult olfactory-discrimination (OD) task results in acquisition of rule learning. This remarkable enhancement in learning capability is accompanied by long-term enhancement of synaptic connectivity between piriform cortex (PC) pyramidal neurons. Because successful performance in the OD task requires integration of information about the identity and also about the reward value of odors, it is likely that a higher-order brain area would also be involved in rule learning acquisition and maintenance. The anterior PC (APC) receives a strong ascending input from the olfactory bulb, carrying information regarding olfactory cues in the environment. It also receives substantial descending input from the orbitofrontal cortex (OFC), which is thought to play an important role in encoding the predictive value of odor stimuli. Using in vivo recordings of evoked field postsynaptic potentials, we characterized the physiological properties of projections to APC from the OFC and examined whether descending and ascending synaptic inputs to the piriform cortex are modified after OD learning. We show that enhanced learning capability is accompanied by long-term enhancement of synaptic transmission in both the descending and ascending inputs. Long-term synaptic enhancement is not accompanied by modifications in paired-pulse facilitation, indicating that such modifications are likely postsynaptic. Predisposition for long-term potentiation induction was affected by previous learning, and surprisingly also by previous exposure to the odors and training apparatus. These data suggest that enhanced connectivity between the APC and its input sources is required for OD rule learning.
Introduction
Learning of a particularly difficult olfactory-discrimination (OD) training paradigm results in acquisition of rule learning, manifested in a dramatic enhancement of learning capability. OD rule learning is accompanied by a series of profound physiological and morphological modifications in piriform cortex (PC) pyramidal neurons. In particular, intrinsic neuronal excitability is increased (for review, see Saar and Barkai, 2003) , synaptic transmission is enhanced (Saar et al., 1999 (Saar et al., , 2002 , and the number of dendritic spines is increased (Knafo et al., 2001) . Such OD learning-related modifications are not confined to a subpopulation of cells but are spread throughout the neuronal ensemble (Saar et al., 1999; Knafo et al., 2001) .
Because successful performance in the OD task requires integration of information about the identity and about the reward value of odors, it is likely that an additional brain area, of higher order than the olfactory cortex, would also be involved in rulelearning acquisition and maintenance.
The orbitofrontal cortex (OFC) is a main source of descending input to the PC and is thought to signal the desirability of the expected outcome (Schoenbaum and Roesch, 2005) . After learning, OFC neurons encode neutral stimuli that have been associated with motivationally significant stimuli (Rolls, 1996; Schoenbaum et al., 1999; Schultz, 1999, 2000; Roesch and Olson, 2004) . The OFC has strong connections with the anterior PC (APC) (Johnson et al., 2000) . Therefore, it is a likely candidate to have a central role in the OD task, where choosing the correct odor is rewarded with drinking water. In particular, the OFC was suggested to use information regarding motivational significance of olfactory cues and to selection and execution of behavioral strategy that would lead to reward acceptance (Schoenbaum et al., 1999) . Accordingly, firing activity in the OFC during OD training appears to reflect the value of predicted outcomes, events, or consequence; OFC neurons are affected more by the odor valance than by its identity (Schoenbaum and Eichenbaum, 1995) . During odor sampling, the vast majority of cue-selective cells in the OFC neurons developed selective response to the odor cues only after accurate choice performance (Schoenbaum et al., 1999) . Damage to the OFC impairs the acquisition and retention of odor discriminations (Eichenbaum et al., 1980 (Eichenbaum et al., , 1983 , further strengthening the notion of its central role in OD learning.
The main ascending input to the PC, originating in the olfactory bulb (OB), may also be modified after learning (Roman et al., 1987; Litaudon et al., 1997; Wilson, 2003; Sevelinges et al., 2004) . Such long-lasting enhancement may further increase the excitability of the PC network, thus adding weight to the role of the OFC in controlling and directing the activity of the PC.
The purpose of the present study was to explore whether OD learning is accompanied by long-lasting enhancement in the strength of synaptic connectivity in both the descending and ascending pathways to the PC.
Materials and Methods

Animal training
Age-matched, young adult, Sprague Dawley male rats (5-6 weeks of age) were used. Before training, they were maintained on a 23.5 h waterdeprivation schedule, with food available ad libitum. OD training protocol was performed with commercial odors that are used regularly in the cosmetics and food industry. Olfactory training consisted of 20 trials per day for each rat as described previously (Saar et al., 1999) . Briefly, in each trial, the rat had to choose between two odors (positive and negative cue) presented simultaneously. Rats designated to the trained group were rewarded after choosing the positive cue. The criterion for learning was at least 80% positive cue choices in the last 10 trials of a training day. Rats in the pseudotrained group were rewarded in a random manner in 50% of the trials, regardless of the odor they chose. Rats in the naive group were water deprived but not exposed to the maze. Rats were trained to discriminate between two pairs of odors to confirm that rule learning was achieved. For a more detailed description of the behavioral paradigm, see the study by Saar et al. (1999) .
As described previously (Saar et al., 1999) , rats indeed learned the second pair of odors much faster than the first pair (7-8 d of training for the first pair and 1-2 d for the second pair). In vivo recordings were performed 3 d after training completion, when most cellular modifications are present (Saar et al., 1999 (Saar et al., , 2002 Knafo et al., 2001 ).
Stimulation and recordings
Apparatus and surgery. Three days after the training completion, rats were anesthetized (with 40% urethane, 5% chloral hydrate in saline, and 0.5 ml/100 g, i.p.) and placed in a stereotaxic frame with body temperature maintained at 37 Ϯ 0.5°C. The procedure was performed in a strict accordance with the Haifa University regulations and guidelines of the National Institutes of Health.
Small holes were drilled in the skull to allow insertion of electrodes in the brain. A recording microelectrode (glass, tip diameter of 2-5 m, filled with 2 M NaCl, resistance of 1-4 M⍀) was slowly lowered into the right APC (3.7 mm anterior to bregma; 3.3-3.6 mm lateral; 5.2-5.5 mm below the pial surface).
For stimulating the descending pathway, a bipolar 125 m stimulating electrode was implanted in the Ventralis lateralis pars oralis of the right OFC, which has strong reciprocal connections with the APC (Illig, 2005) . Electrode position was 3.2 mm anterior to bregma, 2-2.4 mm lateral, and 4 -4.5 mm below the pial surface (Fig. 1 A) . For stimulating the ascending pathway, a bipolar 125 m stimulating electrode was implanted into the right OB (7.9 mm anterior to bregma; 1.1 mm lateral; 2 mm below the surface of the bulb).
Evoked responses were digitized (10 kHz) and analyzed using the Cambridge Electronic Design 1401ϩ and its Spike 4 software. Off-line measurements were made of the amplitude of field postsynaptic potential (fPSP) using averages of five successive responses to a given stimulation intensity applied at 0.1 Hz. Test stimuli (monopolar pulses, 100 s duration) were delivered at 0.1 Hz. After positioning the electrodes, the rats were left for 30 min before commencing the experiment.
Protocol for input-output curve
Input-output (I-O) functions for stimulus intensity versus fPSP magnitude were recorded in response to increasing intensities of stimulation from 0.3 to 10 mA applied at 0.1 Hz. I-O curves were constructed by using averages of five successive responses to a given stimulation intensity versus the entire range of intensities sampled. Only those experiments having stable baselines and stable I-O curves over multiple trials were included in the analysis.
Paired-pulse facilitation induction
A typical average of five responses to pairs of stimuli applied at 0.1 Hz with interstimulus intervals (ISIs) of 15 ms was measured. Paired-pulse facilitation (PPF) was determined by calculating the ratio between the amplitude of the second and first PSPs (PSP2/PSP1).
Long-term potentiation induction
Long-term potentiation (LTP) was induced by applying theta burst stimulation (TBS) to the OFC or OB (three sets of 10 trains; each train consisted of 10 pulses at 100 Hz; intertrain interval, 200 ms; interest interval, 1 min). Field potentials were recorded from the APC for 60 min after the TBS to the OFC/OB. LTP was measured as an increase in fPSP amplitude. LTP in the descending OFC-APC pathway was applied at stimulus intensity that evoked an fPSP with amplitude of 1-1.2 mV. Stimulus intensity in the ascending pathway was adjusted to evoke an FPSP with amplitude of 40% of the maximal response.
Histology
After termination of the electrophysiological recordings, lesions were made by passing anodal currents (10 mA for 2 min) through the stimulating electrode and recording electrode. The brains were removed and frozen with dry ice. Brain slices of 60 m were cut using cryostat. The electrode tract and lesion locations were identifiable under a light microscope.
Statistical analysis
For all the electrophysiological measurements, between-groups comparison was done using one-way ANOVA for the three groups (naive, trained, and pseudotrained), and post hoc multiple t tests were then applied to compare the groups (trained, pseudotrained, and naive). Student's t test was used to compare the groups.
Results
Basic synaptic responses evoked by stimulating the descending and ascending pathways
We first examined the responses to stimulations applied to the OFC and OB at different vertical positions of the recording electrode (Fig. 1 B) . Because the responses in the APC to stimulation of the OB are well documented (Ketchum and Haberly, 1993) , we used these responses to determine whether the recording electrode is positioned to record synaptic responses in the proximal dendrites of layer II pyramidal neurons ( Fig. 1 B, bottom traces) .
Stimulating the descending pathway (OFC-APC) resulted in a typical single-peak fPSP with averaged delay of 7-9 ms, suggesting that the connection is monosynaptic (Fig. 1C, left trace) . In the ascending pathway (OB-APC), stimulation induced fPSP in the APC (5.5 mm vertical position) consisting of two synaptic components. These two components were identified previously as an early monosynaptic response evoked by afferent fibers coming via the lateral olfactory tract to layer Ia, and a late disynaptic response at layer Ib, evoked by reactivation of layer II pyramidal neurons (Ketchum and Haberly, 1993) . Accordingly, the averaged delay of the first synaptic response was 6 -8 ms, and the second synaptic response was 14 -18 ms.
Learning is accompanied by enhanced synaptic strength in the descending pathway
We first examined whether the descending synaptic connections (the OFC-APC pathway) are strengthened after OD learning. Input-output functions for stimulus intensities versus fPSP amplitudes were obtained by recording the responses to a range of increasing intensities of stimulation (from 0.3 to 1 mA) in rats taken from the three groups (naive, pseudotrained, and trained). The amplitude of the field potential increased linearly with the increase in stimulus intensity in the three groups. However, the averaged amplitudes in the trained groups were higher than in the two control groups (Fig. 2 A) . Significant differences ( p Ͻ 0.05) between the average responses for each stimulus were found between the trained (n ϭ 12) versus naive (n ϭ 16) groups. In addition, a significant difference ( p Ͻ 0.05) was revealed for each stimulation between the pseudotrained (n ϭ 12) versus the trained group for stimulus intensities in the range of 0.6 -1 mA. The average responses of the naive and the pseudotrained groups did not differ in any of the stimulus intensities. These data support the hypothesis that synaptic connectivity between the OFC and the APC is enhanced after learning.
We have shown previously that OD learning is accompanied by reduced PPF in the intrinsic fibers, indicating that synaptic release is enhanced after learning (Saar et al., 1999) . To explore whether the enhanced connectivity in the OFC-APC pathway involves a similar mechanism, we compared the values of PPF between the groups. For the three groups, pairs of stimuli separated by short interstimulus intervals of 15 ms did not result in amplification or depression of the second response in a pair. Accordingly, the mean values of these groups were similar for all groups (0.97 Ϯ 0.17, n ϭ 7 for naive; 1.084 Ϯ 0.20, n ϭ 8 for trained; and 1.177 Ϯ 0.38, n ϭ 9 for pseudotrained), lending support to the notion that learning-induced enhancement in the fPSP amplitude is maintained via a postsynaptic modification.
Learning is accompanied by enhanced synaptic strength in the ascending pathway We next examined whether long-lasting synaptic enhancement exists also in ascending pathway (OB-APC). Input-output functions for stimulus intensity versus fPSP amplitudes were recorded in response to increasing intensities of stimulation (from 1 to 10 mA).
The early synaptic response evoked by the afferent connections onto the pyramidal neurons (Schwob et al., 1984; Stripling and Patneau, 1999) was significantly enhanced after learning. Such enhancement was apparent throughout the range of stimulus intensities (1-10 mA). Notably, a significant difference was also found between the pseudotrained and naive groups (Fig.  2 B) . The second synaptic response, evoked by local axon interconnecting pyramidal neurons (the intrinsic fibers) within the APC, was also strongly enhanced after learning throughout the range of stimulus intensities (Fig. 2C) . In contrast to responses evoked by the afferent connections, here, the responses from pseudotrained versus naive groups were similar.
Predisposition for LTP induction in descending pathways is reduced after exposure to the maze in a nonlearning-specific manner
We have shown previously that the predisposition for LTP induction within the piriform cortex is reduced after learning (Lebel et al., 2001; Quinlan et al., 2004) . Here, we examined whether a similar effect occurs also in the ascending and descending pathways.
For LTP induction in the descending pathway, the stimulus intensity was adjusted to evoke an fPSP with amplitude of ϳ1 mV. Subsequently, repetitive theta burst stimulation was applied. Such stimulation induced LTP in naive rats (26.9 Ϯ 9.9%; n ϭ 8) but not in trained rats (2.94 Ϯ 2.5%; n ϭ 7) and pseudotrained rats (7.85 ϩ 9.3%; n ϭ 10) (Fig. 3A) .
LTP in the OB-APC pathway was much less readily induced, as shown previously (Poo and Isaacson, 2007) , for this pathway for young adult rats. Although a very moderate LTP was induced in naive and in pseudotrained rats, no enhancement was induced in trained rats (Fig. 3B) . However, although a tendency toward a difference between the trained and the two control groups was observed, no significant difference was found between groups.
Discussion
Several anatomical studies point to the existence of direct descending projections from the OFC to the APC (Illig, 2005) . Here, we describe the physiological properties of these projections and that they are strengthened after OD learning. Such For both pathways, a first fast response (presumably the afferent volley in the activated presynaptic axons) is followed by later synaptic responses. One such late response is evoked in the descending pathway. In the ascending pathway, the first afferent response is followed by a second response, which originates from activation of the association connections between layer II pyramidal neurons.
learning-induced enhancement is not restricted to the descending pathway; the connectivity in the ascending OB-APC pathway is also strengthened after learning.
Learning-related enhancements in the descending pathway
The short latency of the evoked fPSP in the OFC-APC pathway and its stability suggest that the connection is monosynaptic. Thus, learning-induced modifications in synaptic strength should occur at synaptic connections onto layer II pyramidal neurons. We observed a significant increase in the amplitude of the fPSP in trained rats throughout a wide range of stimulus intensities. Such a uniform difference between groups that persists with increasing stimulus intensity, that presumably increases the number of activated descending fibers, suggests that learninginduced enhancement in synaptic connectivity occurs in most of the synapses activated in this pathway. That pairedpulse facilitation was not modified by learning lends support to the notion that synaptic strengthening is caused by postsynaptic modifications in the piriform cortex pyramidal neurons.
Previous work has shown that OD learning is accompanied by long-lasting postsynaptic modifications in these neurons: the intrinsic excitability of the neurons is enhanced (Saar and Barkai, 2003) , the rise time of PSPs evoked by activating the associative fibers interconnecting the pyramidal neurons is reduced (Saar et al., 2002) , and the number of synaptic spines is increased (Knafo et al., 2001 ). These modifications are all present 3 d after learning and could potentially account for strengthening the synaptic connectivity between the orbitofrontal and the piriform cortices.
Learning-induced modulation of LTP induction in the descending pathway
Previous research showed that the predisposition for LTP induction in the piriform cortex is reduced after OD learning (Lebel et al., 2001; Quinlan et al., 2004) . Such learninginduced reduction in the ability to induce LTP does not necessarily reflect the difficulty in further strengthening synaptic connections that were enhanced during the learning process. Rather, it may be a consequence of a different modification, for example, such that was shown in the subunit composition of the NMDA receptor in piriform cortex neurons (Quinlan et # p Ͻ 0.05, significant difference from pseudotrained groups; *p Ͻ 0.05, significant difference from the naive group). The pseudo-trained and naive groups did not differ significantly at any stimulus intensity. B, Analysis of the input-output function of the first synaptic response in the OB-APC pathway. The averaged amplitudes of the first synaptic response, representing activation of the afferent fibers, is significantly higher after learning, compared with the naive and pseudotrained groups throughout the range of stimulus intensities. Also, the averaged amplitudes of the pseudotrained group are significantly higher than the values of the naive group. C, Analysis of the input-output function of the second synaptic response in the OB-APC pathway. The averaged amplitudes of the second synaptic response, representing activation of the intrinsic intracortical fibers is significantly higher after learning, compared with the naive and pseudotrained groups. The two control groups did not differ between them.
# p Ͻ 0.05, significant difference from pseudotrained groups; *p Ͻ 0.05, significant difference from the naive group. The pseudotrained and naive groups did not differ significantly at any of the stimulus intensities. n, Number of rats. Values represent mean Ϯ SE.
al., 2004). Suppression of LTP induction may function as a protective mechanism that prevents overstrengthening of undesirable connections.
That LTP could not be induced in pseudotrained rats, although the fPSP was not enhanced significantly in these animals, suggests that such a mechanism may be present and related to exposure to the training apparatus and procedure. Together with the finding that the synaptic connections in ascending pathway are also mildly enhanced after learning, these data suggest that not all changes should be attributed to the learning process per se. However, most of the long-lasting modulation was observed in trained rats only, implying that in general, synaptic enhancement is related specifically to rule learning.
Learning-related enhancements in the ascending pathway
Analysis of the input-output functions of synaptic responses evoked by stimulating the ascending (OB-APC) pathway revealed a significant learning-induced synaptic strengthening enhancement in the responses of the trained rats after the OD task. Such enhancement was much similar to that observed for the descending pathway, with one notable exception: the first synaptic response is enhanced not only in trained rats but also in pseudotrained rats, although to a much lesser extent. Therefore, the ascending synaptic connections are enhanced by exposure to the odors or the training apparatus and not only by learning (although learning still accounts for most of the enhancement observed in trained rats). The second synaptic response, reflecting activity of the association fibers interconnecting the pyramidal neurons, is enhanced only after learning, as shown previously in brain slices (Saar et al., 1999 (Saar et al., , 2002 Brosh et al., 2007) . Only moderate LTP was observed after stimulating this pathway. Such a result is consistent with previous observations that LTP induction in this pathway declines rapidly with development (Poo and Isaacson, 2007) . However, even such moderate LTP could not be induced after learning, indicating that also, here, learning affects subsequent activity-dependent synaptic plasticity.
Functional implications of enhanced connectivity
Our study suggests that the OFC may play a role in modulating response properties of neurons in piriform cortex to olfactory information, which is conveyed from the OB. The OFC-APC projections terminate on the apical dendrites of the pyramidal neurons in layer Ib and thus in proximity to the afferent input on the apical dendritic tree of pyramidal cells in ventral APC (Haberly, 1998; Illig, 2005) . Our results suggest that, after OD learning, the capability of the OFC to modulate afferent fiberinduced activity in piriform cortex, is greatly enhanced. Descending modulation from a high brain area may act to ensure that cells responsive to a particular odor fire in an appropriate behavioral context. Such modulation is particularly significant in light of the finding that cells in piriform cortex can display robust responses to nonolfactory cues during a behavioral task (Schoenbaum and Eichenbaum, 1995) . It would also modulate the response of the PC pyramidal neurons to the ascending input for the olfactory bulb and the intracortical inputs, both of which are enhanced by learning.
That the projections from OFC to piriform cortex terminate in the association fiber layers within APC (Illig, 2005) also raises the possibility that the OFC may play a role in initiating activity within piriform cortex in the absence of an odor stimulus during recall of multimodal memories. In particular, the heavy projection onto the proximal apical dendritic tree of cells in piriform cortex (i.e., layer Ib) from OFC could serve to mimic the effect of afferent fibers during memory retrieval. Subsequent activation of cells in piriform cortex may then allow recall of odors or odorrelated associations. Evidence for such memory-related activity in the piriform cortex has been found in animals (Shimshek et al., 2005) and humans (Li et al., 2006) .
We suggest that through the OFC-APC connections, OFC might actively modulate afferent input to APC so that cells fire in certain contexts but not others, and that the strength of these connections is greatly enhanced after OD learning, for periods of days at least. Moreover, OFC input could potentially initiate activity in the APC in the absence of any odor stimulation, allowing for recall of odors and odor-related associations. The overall strengthening of the descending pathway suggests that the specificity of the evoked odor memory is achieved not by these inputs but by specific synaptic connections that were strengthened within the piriform cortex network, during the learning process.
